Background Conventional nails are being used for an expanding range of fractures from simple to more complex. Angle stable designs are a relatively new innovation; however, it is unknown if they will improve healing for complex fractures.
Introduction
Interfragmentary fracture gap motion for intramedullary nails has been attributed to the construct's compliance in addition to bone-to-nail toggle [8, 10, 13, 17, 21, 27] . Toggle has been referred to as ''play'' [22] or ''slack'' [8, 10] and arises from slight intentional oversizing of nail holes of approximately 0.13 mm to limit binding during screw insertion [8, 10, 13, 19, 27] . Toggle has been implicated as the cause of delayed healing or nonunion in human and animal studies [7, 8, 10, 13, 17, 19, 22, 27, 31, 35] . It has been hypothesized that toggle inhibits the formation and maintenance of vascular bridging of the fracture gap [19] . Kaspar et al. [19] and Epari et al. [13] have recently demonstrated improvements in fracture healing in an unreamed sheep tibia fracture model with a toggle-free angle stable nail versus a conventional nonangle stable nail. Although the angle stable nails achieved stability by adding threads to the nail holes, this also increased the difficulty of targeting the bone interlocking holes. Their surgical technique carefully preserved the soft tissue envelope and periosteum during exposure of the tibial midshaft to create a simple fracture consisting of a 3-mm fracture gap [1, 13, 19, 22] . Radiographic and histologic healing progressed with the angle stable device such that the original defect was undetectable by 9 weeks [13, 19] . Déjardin and coworkers [9] found similar results for a slightly longer 5-mm fracture gap in the unreamed canine tibia treated with angle stable and conventional nails. At 10 weeks, all five angle stable animals had achieved clinical union (three or more united cortices); in contrast, only three of five nonangle stable animals had clinically united by 18 weeks.
In contrast to these fracture models [9, 13, 19] , open, complex fractures commonly present with significant damage to soft tissues, periosteum, and the medullary space in cases of reaming [18] . Bony defects or comminution associated with complex fractures are more challenging as a result of lack of bony contact and instability coupled with the likelihood of delayed healing [7, 17, 27] . The enhanced stability afforded by angle stable nails is anticipated to prevent screw cutout, which has been observed in unstable fractures [17, 27] . Although angle stable nails have been shown to be fatigue-resistant in the laboratory [14] , it is unknown how they will perform in an in vivo complex fracture with segmental loss or comminution. Such an environment will challenge the angle stable design feature because there is little to no loadsharing with the bone. As such, elevated loading can be expected at the interlocking hardware, which is typically the location of the design feature that maintains angular stability of the nail [8, 10, 13, 14, 17, 19, 25, 35 ].
In the current in vivo study, an angle stable nail design was evaluated in a reamed canine segmental defect fracture model representing a complex, open injury. This model was selected to provide in vivo data for angle stable nails in a fracture model that differed from the existing simple, unreamed fracture models [9, 13, 19] . As controls, a second cohort of animals was treated with a conventional nail, which permitted a clinically relevant toggle.
The following research questions were addressed: do the reamed angle stable and conventional nails differ in (1) radiographic bone union across the cortices; (2) stability as determined by toggle and angular deformation; (3) biomechanical construct stiffness in bending, axial, and torsional loading, and failure properties in torsion; and (4) degree of bone tissue mineralization?
Materials and Methods
Twenty male hounds were obtained from a single source with a weight of approximately 20 kg and age approximately 9 months. Male hounds were chosen to avoid the potential for varying bone mineral density, which can occur with female canines [33] . Animals were radiographically screened before selection to verify skeletal maturity and to confirm that the size and shape of the femora could accommodate the nail (described subsequently). The canine species was selected as a result of physical and biological similarities to human femora as well as the capability for implantation of near human-sized nails on the order of an 8 mm diameter [10, 16, 25, 31] . The femur also provided for antegrade insertion that avoided the potential for stifle joint complications as can occur with tibial nails [21] . All hounds were cared for in compliance with the US Department of Agriculture's Animal Welfare Act (9 CFR Parts 1, 2, and 3), The Guide for the Care and Use of Laboratory Animals, and the National Institutes of Health Office of Laboratory Animal Welfare.
Ten hounds were randomly selected to receive the angle stable interlocking nail design (test group), whereas the remaining 10 hounds were implanted with a conventional nail design (control group) (Fig. 1) . Twelve of the 20 hounds were randomly assigned to a biomechanical evaluation group (six test, six control). The number of biomechanical subjects was based on a power test using torsional biomechanical data from prior animal femoral nail studies with a power C 0.8 [2, 3, 25] . Histological analysis was not performed on the biomechanical specimens as a result of the potential for artifact introduced from biomechanical testing [29] . Rather, the eight remaining hounds were dedicated to histological processing (four test, four control).
The angle stable interlocking nail, the conventional nail, and all interlocking hardware were fabricated from Ti6A14V ELI with a nail diameter of 7.5 mm and length of 143 mm. The nails and interlocking hardware were customdesigned for the study and were fabricated by the authors (nails) or a vendor (screws and collars; United Titanium, Wooster, OH, USA) [14] . Both nails' length, diameter, and lateral-plane bend radius of curvature were identical and were based on the gross and radiographic analysis of 12 cadaveric hound femora, a method used in other animal femur nail studies [2, 3, 37, 38] . Two proximal and two distal 3.48-mm screws were used to interlock the nails [6, 31] .
For the angle stable test nails, the screws were inserted into short collars before interlocking (Figs. 1, 2) . The collar's inner diameter was 0.6 mm greater than the screw's diameter. The near cortex was drilled to 4.3 mm, the outer diameter of the collar. The nail hole was threaded to accept the interlocking screws. The interlocking hole was used as a guide to drill the far cortex pilot hole with a 2.9-mm Kirschner wire to avoid side-cutting damage to the nail hole threads by a fluted bit. The 3.48-mm screw was thus able to pass unobstructed through the near cortex 4.3-mm hole, purchase into the threaded nail hole, and finally tap into the far cortex hole. During screw insertion, the collar entered the near cortex hole. Depending on the targeting (described subsequently) of the near hole, the collar was either concentrically or eccentrically positioned relative to the screws longitudinal axis, ie, the collar ''floated'' about the screw. On the final turn of the screw, the collar was interposed between the underside of the screw head and the near nail surface. This created a construct, which has been shown to be angle stable in the laboratory as well as resistant to fatigue and wear between mating metal surfaces [12, 14] . Using a calibrated torque driver, the screws were inserted to 1.5 Nm, the maximum torque recommended by the manufacturer to prevent the potential for plastic deformation of the screw shaft. In contrast, the control nail interlocking holes were unthreaded and were 0.13 mm greater than the major diameter of the screws. This clearance has been shown to create a torsional toggle of approximately 0.105 radians (6°) in canine femora models [14] . The control nails' screws were inserted to 0.7 Nm, a torque representative of a ''fingertight'' magnitude [14] that did not strip the bone.
The Gustilo Grade III long bone fracture designation was used as a guide to surgically create an open segmental defect fracture in the right femur of each animal [18] . The skin and muscle were opened laterally over an approximate 15-cm length from the lateral epicondyle to just superior to the greater trochanter (Fig. 2) . It is acknowledged that this length greatly exceeds the minimum Grade III skin wound in a human ([10 cm), especially when applied to a canine. Fig. 1 The angle stable design (left) interposes a titanium alloy collar between the screw head and nail. The inner diameter of the collar is 0.5 mm larger than the screw to allow misalignment between the near cortex hole and the nail hole. The interlocking holes of the angle stable nail are threaded to allow compression of the collar. Conversely, the interlocking feature for the conventional nail (right) was achieved by purchasing a fully threaded screw into both cortices through a 0.13-mm oversized, smooth nail hole. Fig. 2 After exposure of the entire lateral femur, a 1-cm midshaft segmental defect was created by osteotomy. A 1-cm circumferential periosteal resection was performed on each bone fragment end adjacent to the defect. The limb was stabilized with either an angle stable test nail (shown) or a nonangle stable control nail (see text for details). Both nails were identical in size (7.5 9 143 mm) and shape (sagittal plane bow) and were inserted antegrade through the piriformis fossa. LAT = lateral.
However, this approach created a significant soft tissue wound that provided the necessary exposure to segmentally defect the shaft, strip the periosteum, insert the nail, and place interlocking screws. The defect was positioned midshaft such that it was midway between the two inner nail screws. After extraperiosteal elevation of the muscle, a 1-cm [26, 31] noncritical-sized defect was created through osteotomy under constant saline irrigation (Fig. 2) . It is generally accepted that defects of C 2 diameters represent a critical size [32] ; for the animals in the current study, a critical midshaft defect would thus be 25 to 30 mm. A segmental length with the potential to heal (1 cm) was chosen because the effect of bone grafting and/or other anabolic agents was not the focus of the current study. Using a previously established excision distance, the periosteum was circumferentially removed through sharp dissection 1 cm proximal and distal to the ostectomy [15, 20, 34] .
The proximal and distal segments were reamed through the defect to 8.5 mm, irrigated, and cleaned of all bone and marrow debris [38] . Although reaming was not used in other in vivo angle stable studies [9, 13, 19] , it was considered to be more representative of nailing procedures in the United States [19] . The implant was inserted anterograde through the piriformis fossa. A spacer was provisionally clamped around the intramedullary nail to preserve the 1-cm segmental defect [11] . The four interlocking screws were inserted with the aid of a targeting jig attached to the proximal end of the nail. Postoperative analgesia was achieved with a combination of meloxicam or carprofen and fentanyl and/or tramadol. All animals were allowed unrestricted cage activity and all completed the 16-week protocol and were not observed to be in obvious pain. This study duration was selected because it has been used by others to evaluate healing for a complex femur injury in the canine [23] .
Biplanar films were acquired postoperatively and before euthanasia at 16 weeks. The biplanar time zero and 16-week films were analyzed to determine if the bones had united along one or more of the four cortices.
After euthanasia at 16 weeks, the bilateral femora (operative right and nonoperative left limbs) from the animals allocated to biomechanical testing were carefully dissected free of soft tissue. The femora were covered in saline-soaked gauze and were kept moist for the duration of the specimen preparation and testing. The limbs were tested with the nails in situ to avoid damaging the construct during removal of the hardware. In many cases, bone had grown over the screw heads and/or nail entry site. It was anticipated that hardware extraction could have inconsistently damaged the bone from specimen to specimen. In addition, this method yielded biomechanical data more representative of the in vivo environment during the final weeks of the study. All operative and unoperated contralateral limbs were trimmed to a consistent length [31] and potted with a room temperature curing epoxy with a fixture that maintained coaxial alignment of the construct [24] . Exposed portions of the nail in the piriformis fossa were first covered in clay to prevent contact with the epoxy [27] . The stiffness was assessed over the length of the construct in the following order of testing for all specimens: fourpoint bending, axial compression, and internal/external torsion at physiologic-level loads of 1.43 Nm, 120 N, and ± 2 Nm, respectively [4, 5, 10, 12, 14] . The torsional tests were further reduced to determine: (1) the magnitude of toggle (as a measure of instability); and (2) the total angular deformation for ± 2 Nm [10] . The toggle is the grip-to-grip torsional motion allowed about the neutral position of the bone under zero to minimal torsional loading. Details of the rationale and method of testing and data analysis may be found in Appendix 1. Data from the contralateral unoperated left limbs served as within-subject controls to normalize the operative limb data. Operative and contralateral femora were then loaded to failure in torsion [2, 3] .
After euthanasia, the eight histologic specimens were denuded of the majority of the soft tissues with careful preservation of the defect region. A thin layer of muscle was retained to avoid damaging the fracture callus. The implant was left in situ during the histologic processing to reduce the potential for artifact and facilitate evaluation of the endosteal bone-implant interface [29] . A light torsional load was manually applied to the ends of the femur to qualitatively assess for the presence or absence of a perceptible interfragmentary toggle. After tissue fixation, the diaphyses were trimmed to approximately 50 mm in length size for embedding (Technovit 7200VLC; Electron Microscopy Sciences, Hatfield, PA, USA). The specimens were sectioned sagittally to 100 lm at the midline of the nail. One section was ground, polished, and submitted for Sanderson's staining with van Gieson counterstaining. The resulting slides were digitally analyzed using a commercially available code (SigmaScan; SPSS Inc, Chicago, IL, USA) to determine the proportion of mineralized tissue and nonmineralized interfragmentary space tissue that was present in the 30-mm peridefect region. Analysis of the mineralized tissue did not include any trabecular voids.
The histologic and normalized biomechanical data were compared between the test and control groups with the t-test after confirmation of normally distributed data for all comparisons (a = 0.05). Nonnormal data were compared with the Mann-Whitney U test. The incidence of union or nonunion was compared with the sign test.
Results
None of the fractures treated with the nonangle stable (control) nails united and all demonstrated hypertrophic nonunions (Fig. 3) . In contrast, six of the 10 test animals had at least one bridged cortex with an average of 1.8 ± 1.0 bridged cortices per healed subject (p = 0.023). Three of the remaining angle stable (test) animals exhibited a hypotrophic nonunion and one progressed to an oligotrophic nonunion. During physical inspection, one of the angle stable animals with a hypotrophic nonunion (assigned to the histological analysis arm of the study) was observed to exhibit a definitive toggle under light manual loading; this is addressed later ( Table 1) .
Analysis of the biomechanical toggle (Table 1) showed that the test nails remained toggle-free (0 radians of motion) after 16 weeks versus the nonangle stable control nails, which exhibited a greater toggle of 0.08 ± 0.045 radians (4.6°± 2.6°) (p = 0.002). The total angular deformation of the angle stable test nail femora was approximately twice (2.06 ± 0.69) that of the within-animal operative limb at ± 2 Nm of torque. In contrast, the nonangle stable control animals exhibited an average of five times the motion of the animals' contralateral limbs (5.01 ± 1.94, p = 0.005).
Although the angle stable test group limbs were significantly stiffer in axial compression than the nonangle stable control limbs (Table 1) , no other stiffness comparisons rose to the level of significance. The angle stable limbs nearly achieved the axial compressive stiffness of their animals' contralateral limbs (0.93 ± 0.07), whereas the nonangle stable limbs only achieved two-thirds the stiffness (0.66 ± 0.12, p = 0.001). In bending, both groups of nailed limbs were not different from their unoperated contralateral native limbs. Although there was a trend for the angle stable nails to have greater internal and external torsional stiffness as a percentage of the contralateral limb, this finding was not significant. The angle stable test limbs had significantly less normalized angle to failure (1.41 ± 0.38) than the nonangle stable animals (1.82 ± 0.21, p = 0.048). Although not significant, the normalized peak torque and energy to failure tended to be greater for the nonangle stable animals, whereas the normalized failure stiffness tended to be greater for the angle stable animals.
Histologically, the angle stable test constructs had approximately 62% less interfragmentary nonmineralized tissue than the nonangle stable control constructs (25.6 ± 12.5 versus 67.7 ± 15.1 mm 2 , respectively; p = 0.005) ( Table 2 ; Fig. 3 ). Test constructs tended to have a greater proportion of mineralized tissue than control constructs (90.8% ± 7.9% versus 82.2% ± 3.9%, respectively); however, this finding was not significant. 
Discussion
The use of intramedullary nails continues to expand to include unstable, complex fractures [17, 27] . The relatively new innovation of angle stable nails is hoped to improve the efficacy of treatment for these more challenging injuries. To date, the in vivo data in the literature are limited to simple, unreamed fracture models [9, 13, 19] . Complex fractures with segmental loss, periosteal stripping, and reaming have not been studied. In the current in vivo study, reamed angle stable and conventional nonangle stable nails were used to stabilize Grade III-type fractures of the femoral midshaft in the canine. Compared with the nonangle stable nail at 16 weeks, the animals treated with the angle stable nails were associated with a greater chance of union of at least one cortex, a more stable limb in torsion and axial compression, and the formation of less nonmineralized healing tissue.
One limitation of the animal model in the current work was the inclusion of a narrow age range (approximately 9 months) that had achieved skeletal maturity. Although this cohort does not represent a broad spectrum of subjects, it does focus on a young subject with a likely enhanced healing capacity. Even with this benefit, the control femora failed to heal within the 16-week study duration. These Values are mean ± SD. * The femora were then loaded to failure in external torsion. The data are presented for each group of limbs and as a ratio of operative limb to the contralateral nonoperative side. Refer to Appendix 1 for details and rationale for the testing methodology. Operative (test and control) and contralateral limbs were tested to determine their response over the entire construct (grip-to-grip). Significantly different than angle stable operative femur; à significantly different than angle stable ratio: operative/contralateral. Finally, the open, complex fracture model used in the current study was created in a sterile surgical environment. As such, caution is warranted in directly extrapolating the data from the current study to human clinical cases. Although the variabilities of clinical cases are not included in the current study, the within-study comparison of angle stable versus nonangle stable nails allows the influence of instability to be highlighted. In addition, the limited healing noted in the current study provides new data versus existing in vivo data available in the literature, which used less complex fracture models [9, 13, 19] . In the current study, the angle stable nail design led to radiographic union of at least one cortex in six of 10 animals with an average of 1.8 ± 1.0 cortices per each of the six animals. The remaining four animals exhibited either a hypo-or oligotrophic nonunion. In contrast, all of the 10 nonangle stable control animals progressed to a hypertrophic nonunion. The combination of hypertrophic bone formation in the absence of bridging across the four cortices is indicative of the ''elephant's foot'' deformity [28, 36] (Fig. 3) . Excessive callus growth in the absence of union has been attributed to excessive interfragmentary motion [30] . Two prior studies [13, 19] used a simple fracture model in the sheep to evaluate tibial healing at 9 weeks with angle stable and conventional nails. The periosteum was carefully preserved and the nail was inserted without reaming. This work documented better healing with the angle stable nail: a median of 3.3 united cortices (range, 2-4) per animal versus two (range, 1-3) for a conventional nail. Déjardin et al. [9] used a similar model in the unreamed canine tibia to also evaluate angle stable versus conventional nonangle stable nails for a 5-mm fracture gap. Similar to Kaspar et al. [19] and Epari et al. [13] , they documented union of three or four cortices in all five angle stable animals by only 10 weeks. In contrast, by 18 weeks, only three of five nonangle stable animals had achieved this degree of healing. Collectively, these findings show that even in the tibia with a limited blood supply, a simple fracture is more likely to heal with increased stability concomitant with no reaming. Furthermore, these data show that bony bridging is still possible in nonangle stable designs that toggle, although healing appears to progress at a slower rate and in fewer subjects. Efforts to preserve the periosteal and medullary blood supply to the degree surgically possible coupled with a shorter soft tissue wound may explain the healing that did occur for the animals with the conventional nail. The uniform lack of healing for the conventional nail in the current study might be attributed to the longer defect versus past in vivo angle stable studies [9, 13, 19] and damage to the peridefect periosteal and endosteal (as a result of reaming) blood supply. However, the potential for bone to grow in the control nails in the current study was demonstrated by the proliferation of new bone into the defect and an increase in bony diameter (Fig. 3) . Thus, the canine hosts' biologic response appeared to be sufficient to proliferate bony formation into the defect, although the mechanical environment (ie, toggle) likely prevented union. On the other hand, the angle stable animals that did not form a bony bridge may have experienced a measure of stress shielding that limited the proliferative phase of bone formation. The severity of the open fracture model in the current study is also exhibited in the healed test subjects. In at least one cortex, the defect is still clearly visible at 16 weeks (Fig. 3) . In contrast, Kaspar et al. [19] , Epari et al. [13] , and Déjardin et al. [9] observed three or four cortices of healing by only 10 weeks with the original osteotomy site no longer visible in some animals [13] .
The biomechanical findings from the current study showed that the angle stable femora were more stable in torsion versus the nonangle stable animals. The angle stable animals exhibited 0 rad of construct (ie, grip-to-grip) toggle and a total angular deformation for ± 2 Nm of 0.063 ± 0.022 radians (3.62°± 1.27°) ( Table 1 ). This angular deformation was approximately twice that of the withinanimal contralateral, unoperated limbs. In contrast, the nonangle stable limbs exhibited a toggle of 0.08 ± 0.045 radians (4.61°± 2.58°) and an angular deformation that was approximately five times greater than the within-animal contralateral femur. Construct toggle and angular deformation values have been reported in the literature using a time zero fracture model. Déjardin and coworkers [10] report a construct (ie, grip-to-grip) toggle magnitude of 0 and 0.26 radians (0°-15°) for angle stable and nonangle stable tibial nails, respectively. Déjardin et al. [10] also report total angular deformations of 3.8°(when adjusted to ± 2 Nm of torque) for their angle stable design. Their time zero angle stable nail values are similar to the data from the current study. This suggests that the angle stable animals in the current study would require additional time for remodeling for those that had formed a bony bridge. As that bone continued to mature, progressive reductions in angular deformation approaching the contralateral unoperated limb may have been expected.
Biomechanically, the angle stable femora nearly achieved the axial stiffness of the contralateral unoperated femur (93% on average), whereas the nonangle stable limbs achieved only 66% of the contralateral femur. In failure testing in external torsion, the nonangle stable femora achieved a greater failure angle than the angle stable limbs. Although there were trends in the remaining biomechanical data, no comparisons rose to the level of significance. Prior studies have also evaluated the biomechanical behavior of angle stable and conventional nails. The postmortem biomechanical behavior of angle stable and nonangle stable nails varies in the literature. After first removing the nail and screws, Kaspar et al. [19] and Epari et al. [13] report torsional failure data for stiffness and peak torque for their 3-mm fracture gap at 9 weeks. In both cases, the angle stable nail data are 20% greater than the nonangle stable data, although neither had achieved the performance of the contralateral unoperated tibiae. The 5-mm fracture gap model by Déjardin et al. [9] was also evaluated through failure in torsion, although at a later time point of 18 weeks. The angle stable limbs achieved greater torque, stiffness, energy to failure, and failure angle versus the nonoperative tibiae. In contrast, all of the nonangle stable data were less than the nonoperative tibiae. These studies [9, 13, 19] demonstrate discrete phases of healing, which include union followed by remodeling [9, 30] . Interstudy comparison shows that the 18-week animals were significantly stronger than 9-week animals, although both were observed to have united two to four cortices by 9 or 10 weeks.
Histology showed that the angle stable test constructs in the current study had significantly less nonmineralized tissue in the interfragmentary space at 16 weeks than the nonangle stable controls ( similar to the current study. On the other hand, their magnitudes are 3.5 times greater than the current study. This is likely the result of methodology; the exemplar slides presented by Kaspar et al. [19] appear to include extraperiosteal soft tissues. In the current study, nonmineralized tissue was defined as the tissue in the interfragmentary space (Fig. 3) .
The nonangle stable animals in the current study demonstrate that the potential for bony growth is possible for a complex fracture. Despite the long, open wound, a 10-mm segmental femur defect, a 10-mm circumferential periostectomy, and reaming, bone was still able to form in the defect. In contrast, the four angle stable animals that did not unite were hypotrophic or oligotrophic in nature. This is suggestive of stress shielding resulting from insufficient motion across the fracture gap. Whereas six animals did form at least one bridging cortex, a slight increase in motion may have benefitted the angle stable animals that did not. Thus, the nonangle stable data underscore the influence of torsional motion across a fracture gap to (1) prompt the formation of new bony tissue; and (2) if the motion is excessive, bony bridging cannot occur. Although the environment was appropriate for at least some bridging to occur in the angle stable group, more bony tissue was needed to facilitate that process. A small increase in motion may have been sufficient for that to occur. Future studies should examine variations in motion to identify the proper nail behavior for different fracture types. Although the literature demonstrates the use of angle stable nails for fracture gaps of 5 mm or less [9, 13, 19] , longer, more complex defects will likely require modifications to the angle stable concept.
forces, and torque delivered to the specimens were measured for a given test by a load-torque cell attached to the test machine actuator. The corresponding displacement across the construct (''grip-to-grip'' displacement) was recorded with a linear or rotational sensor attached to the machine's linear or torsional actuator [8-10, 12, 14, 36] . All data were sampled at 80 Hz. Loads were delivered with a sinusoidal waveform for 10 cycles with analysis performed on the 10 th cycle [8, 10, 36] . There was some variability in the initial cycles as the machine progressively attempted to achieve the target loads and the specimen accommodated the cyclic loading. Typically, the peaks for the final four cycles were uniform for load and displacement.
Four-point bending was delivered in the AP direction to 1.43 N-m [4, 5] at 0.5 Hz such that the anterior (convex) periosteal surface deflection was tensile (Fig. 4) . The inboard bending loads were positioned through the center of gravity of the cups to eliminate the bending force induced by the cup weights. The stiffness of the entire construct was taken as the linear range slope of the bending moment versus the displacement of the actuator into the specimen [36] . During axial compression testing (Fig. 4) , the constructs were loaded to 120 N [4, 5] in the load control mode and construct stiffness was taken as the linear range slope of the compressive load to the grip-to-grip displacement data.
Torsional testing was performed at ± 2.0 N-m of torque with the machine in torsion control (Fig. 4) . Although 2 N-m exceeds the physiologic torque for a 20-kg animal of 0.6 N-m [4, 5, 12, 14] , the higher torque magnitude was needed to ensure the torque-angle curve was linear. Pilot tests revealed a toe region existed in the torque-angle data for the nonangle stable nails; 2 N-m ensured that a sufficient linear range was present for stiffness analysis. Pilot failure tests also demonstrated that 2.0 N-m is approximately 6% of the peak failure torque of intact hound femora. Therefore, the subfailure torsion was not anticipated to significantly affect the constructs' integrity. During torsional testing, the proximal end of the femur was fixed, whereas the distal end was internally-externally rotated to ± 2 N-m (Fig. 4) . Internal and external rotation construct stiffness was taken as the linear range of the torque versus angular displacement of the distal potting cup versus the fixed upper cup. Using a previously established method [10] , the torsional toggle (or slack) and total angular deformation were determined. Briefly, this method extends the torque stiffness curves for internal and external rotation until they intersect the angular rotation axis. The angular difference between these intersections is taken as a measure of the test subject's torsional toggle. The total angular deformation is the difference between the maximum and minimum angle achieved during testing at ± 2 N-m.
Finally, the constructs were subjected to failure testing in torsion using angular position control at 1°/s in external rotation. The resulting construct torque-angle data were analyzed to identify the peak torque, which was taken as the point of failure. The angle at failure and failure energy were taken from the point at which the torque first achieved 0.2 N-m until the peak torque was reached. The failure stiffness was taken as the slope over the linear range. 
